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Influence of early life exposure, host genetics and
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Although the gut microbiome plays important roles in host physiology, health and

disease , we lack understanding of the complex interplay between host genetics and early

life environment on the microbial and metabolic composition of the gut. We used the

genetically diverse Collaborative Cross mouse system  to discover that early life history

impacts the microbiome composition, whereas dietary changes have only a moderate

effect. By contrast, the gut metabolome was shaped mostly by diet, with specific non-

dietary metabolites explained by microbial metabolism. Quantitative trait analysis

identified mouse genetic trait loci (QTL) that impact the abundances of specific

microbes. Human orthologues of genes in the mouse QTL are implicated in

gastrointestinal cancer. Additionally, genes located in mouse QTL for Lactobacillales

abundance are implicated in arthritis, rheumatic disease and diabetes. Furthermore,

Lactobacillales abundance was predictive of higher host T-helper cell counts, suggesting

an important link between Lactobacillales and host adaptive immunity.
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To decipher the respective contributions of host genetics, early life history and diet on

the gut microbiome we leveraged 30 independent, genetically distinct Collaborative

Cross (CC) mouse strains (Fig. 1a and Supplementary Table 1), a large multi-parental panel

of recombinant inbred strains with defined single nucleotide polymorphisms (SNPs) that

captures �� 90% of the known variation in laboratory mice. Sixteen strains were

maintained in a specific pathogen-free (SPF) facility (Built Environment 1, BE1), and 14

additional strains were maintained in a barrier facility that screens for additional

infectious agents, including �3�D�V�W�H�X�U�H�O�O�D���S�Q�H�X�P�R�W�U�R�S�L�F�D and �+�H�O�L�F�R�E�D�F�W�H�U (Built

Environment 2, BE2). Mice were fed the same water and food sources at both locations.

Faecal samples were collected at 12 weeks of age (Fig. 1a) and the gut microbiome

composition was characterized by sequencing 16S rRNA genes (V4 hypervariable region;

Supplementary Table 2).
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OTU data—a member of the Clostridiales (family unknown, Fig. 2a, green track).

Abundances of other bacterial families were also controlled by multiple genetic loci (Fig.

2 and Supplementary Table 6). Interestingly, the major histocompatibility complex (MHC)

locus on chromosome 17 was significantly (P < 0.0001) linked to the abundance of

Lactobacillaceae (Fig. 2b,c), consistent with an earlier report showing that MHC variation

shapes microbial communities in the mouse gut, in particular the genus Lactobacillus .

Our findings also support earlier reports showing an association of the gut microbiota

with host genetic variations . However, on leveraging the CC mice we identified over

a hundred novel genetic loci that impact the gut microbiome.

3

4, 5, 6, 7
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�F�R�P�S�R�V�L�W�L�R�Q���D�Q�G���D�E�X�Q�G�D�Q�F�H�V��

��, Genomic architecture of QTL for gut microbiome composition. The outer layer shows chromosome location (each

chromosome is uniquely coloured and labelled; major tick marks within each chromosome arm correspond to 25

Mb). The second layer (grey) shows the number of OTUs at each SNP that reach QTL significance (Mann–Whitney ��

test, ��  �” 1 × 10 ). The third layer (red) shows the genomic intervals based on QTL significance for �•10 OTUs. The

fourth layer (green) shows the number of OTUs at each SNP that reach QTL significance for Clostridiales (family (f.)

unknown), with the red line indicating 10 OTUs. The 5th–11th layers represent genomic intervals based on QTL

significance for Clostridiales f. unknown, Clostridiaceae and Lachnospiraceae, Deferribacterales f.

Deferribacteraceae, Bifidobacteriales f. Bifidobacteriaceae, Lactobacillales f. Lactobacillaceae and
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The QTL that were specifically associated with Lactobacillaceae abundance in mice

displayed significant enrichment for genes implicated in autoimmune disorders such as
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diabetes and arthritis (Fig. 3c). Examples of candidate genes in QTL linking Lactobacillus

QTL with human phenotypes (Fig. 2b) include Prospero Homeobox 1 (Prox1) on

chromosome 1 (associated with type 2 diabetes, obesity and fasting glucose levels),

Catenin Alpha 3 (Ctnna3) on chromosome 10 (associated with serum pyroglutamine

metabolite levels and arrhythmogenic right ventricular dysplasia, familial 13) and Insulin

Like Growth Factor 2 MRNA Binding Protein 2 (Igf2bp2), Transformer 2 Beta Homolog

(Tra2b) and ST6 Beta-Galactoside Alpha-2,6-Sialyltransferase 1 (St6gal1) on chromosome

16 (associated with type 2 diabetes and colon adenocarcinoma and colorectal cancer)

. These results suggest an important role for host regulation of Lactobacillaceae

abundance in health and disease and are concordant with recommendations for the use

of probiotics containing Lactobacillus species as adjunctive therapies for the treatment of

rheumatoid arthritis and diabetes .

Candidate genes located within the boundaries of the 169 identified QTL (2,699 genes;

Supplementary Table 5) were analysed to assess additional human relevance. We found

that genes controlling the abundance of specific members of the microbiome were

significantly enriched in human gastrointestinal cancer (1.02 × 10  < P < 3.17 × 10 ),

inflammatory responses (1.75 × 10  < P < 7.15 × 10 ) and lipid metabolism (2.38 × 10  < P < 

6.35 × 10 ) (Fig. 3b), providing further evidence for the involvement of both host genetics

and the gut microbiome in health and disease. Genome-wide association (GWA) analysis

was used to identify the genetic loci associated with abundance of microbial taxa at the

family level. We found 13 of the taxa associated with QTL that contained >100 genes

(Supplementary Table 7), of which 7 were significantly enriched for human genes

implicated in gastrointestinal tract cancer (Fig. 3c). Comparing the mouse genes to a

previously compiled list of human disease-related genes identified by GWA studies

(GWAS) , a significant overlap was observed for genes associated with Crohn's disease,

coeliac disease, ulcerative colitis and type 2 diabetes (Fig. 3d and Supplementary Table 8).

We conclude that candidate mouse genes within the loci identified as controlling

microbiome abundance exhibit significant overlap with human genes previously linked to

disease states, suggesting that the microbiome may contribute to their aetiology.

Investigation of the faecal metabolite composition allowed us to determine the influence

of early life environment and diet on the gut metabolome. For these analyses we focused

12, 13, 

14, 15, 16

17,18
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samples collected 16 h after a cage change compared to <2 h. However, to collect

sufficient mouse faecal material for combined microbiome and metabolomic analysis, all

faecal samples were consistently collected from each cage, avoiding areas clearly

contaminated with urine, 16 h after cage change at 2, 4, 6 and 8 weeks after arrival at

Lawrence Berkeley National Laboratory (LBNL). All animal procedures were approved by

the UNC Chapel Hill or LBNL Institutional Animal Care and Use Committees.

Faecal samples were stored at −80 °C for downstream metabolite and microbial analyses.

Faecal samples from different strains were collected in the same way to avoid collection

and storage biases. Genotyping data for CC mice were obtained from UNC

(http://csbio.unc.edu/CCstatus/index.py).

Faecal samples were collected from a different cohort of genetically identical young adult

mice at UNC Chapel Hill (maintained on Labdiet Prolab 3500) to determine the effect of

environment on the faecal microbiome and metabolome. Faecal samples were then

manually homogenized on ice with a micropestle, 0.25 g was used for DNA isolation, 0.05 

g for metabolite extraction and the remainder stored at −80 °C.
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Genomic DNA was extracted from 0.25 g of the homogenized faecal samples using the

PowerSoil DNA Isolation Kit (http://www.mobio.com/) according to the manufacturer's

instructions. PCR amplification of the V4 region of the 16S rRNA gene was performed

using the protocol developed by the Earth Microbiome Project

(http://press.igsb.anl.gov/earthmicrobiome/empstandard-protocols/16s/) and

described in ref. 26 using updated primers described in ref. 27. Amplicons were

sequenced on an Illumina MiSeq using the 150 base pair (bp) MiSeq Reagent Kit v2

(http://www.illumina.com/) according to the manufacturer's instructions.

QIIME 1.9.1 was used to join, quality filter and demultiplex libraries from three MiSeq

runs . VSEARCH 1.1.3 was used to dereplicate, sort by abundance, remove single reads

and then to cluster at 97% similarity. VSEARCH was also used to check these clusters for

chimaeras and construct an abundance table by mapping labelled reads to chimaera-

checked clusters . Taxonomy was assigned to the centroid of each cluster using the

28,29

30, 31, 32
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